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a  b  s  t  r  a  c  t
Blends  of a naturally  occurring  clay  (0–30  wt.%)  and  phosphate  sludge  were  heated  at different  tempera-
tures  and  times  and  their  microstructures  were  investigated  using  impedance  spectroscopy,  dilatometry,
X-ray diffraction  and  scanning  electron  microscope.  The  weights  of  the  effects  of the  change  of  temper-
ature,  soaking  time  and  clay  addition  on some  physical  ceramic  properties  (shrinkage,  water  absorption
and  compressive  strength)  were  assessed.  For  the  latter  purpose,  the  response  surface  methodology  was
used.  The  results  showed  that  the  sintering  process  was  effective  between  750  and  1000 ◦C and  occurred
by  melt  ﬂow.  It was accompanied  with  low  activation  energy  for  ionic  conduction  (0.20–0.35  eV). Due  to
the  quantitative  formation  of gehlenite  (the unique  neoformed  phase),  the  ionic  conduction  regressed
and  the melt  formation  was  limited.  Also,  it was  shown  that the  effects  of the  experimental  factors  onmpedance spectroscopy
esponse surface methodology
eramic properties
physical  properties  of  the  blends  were  well  described  with  the  adopted  polynomial  models,  and  the
weights  of the  effects  of  the  factors  followed  the  order:  temperature  > clay  content  >  soaking  time.  The
effects of the  interactions  between  the  factors  on  the properties  studied  were  evaluated  and  discussed
in  relation  to the microstructure  change.
© 2015  The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by
Elsevier  B.V.  All  rights  reserved.. Introduction
Phosphate sludge is a by-product commonly composed of ﬂuo-
apatite, clays, quartz and carbonates [1]. Because of the presence
f plastic materials, ﬁller and ﬂux, it could be suitable for ceramics
anufacturing. However, because of shortage of alumina and silica,
t should be enriched with aluminosilicates such as clays [1].
The physical properties of ceramics are tightly related to the
icrostructure, which in turn depends on, among others, the ﬁring
ycle parameters [2], the shaping method [3], the mineralogical and
he chemical compositions of the starting materials [4,5]. To evalu-
te the effect of these parameters, the microstructure changes are
onitored for instance by thermal analysis, dilatometry and exam-
ned by electron microscopes. Recently, it has been reported that
mpedance spectroscopy (IS) is a practical technique to characterize∗ Corresponding author. Tel.: +212 524 434649; fax: +212 5 24 43 74 08.
E-mail address: hajjaji@uca.ma (M.  Hajjaji).
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eramic Society.
ttp://dx.doi.org/10.1016/j.jascer.2015.10.003
187-0764 © 2015 The Ceramic Society of Japan and the Korean Ceramic Society. Producthe microstructure of ceramics [6–8]. By the help of this technique,
changes due to grains and defects (grain boundaries, pores, etc.)
could be distinguished [9–11].
Much less attention has been paid to the potential use of phos-
phate waste for industrial ceramics manufacturing. Moreover, to
the best of our knowledge, no study has been carried out on
the sintering process of phosphate waste-based ceramics using
impedance spectroscopy.
The aim of this work was  to monitor the microstructure
of heated clay-phosphate waste blends using, among others,
impedance spectroscopy. Furthermore, the effects of the ﬁring cycle
parameters and the clay content on some physical ceramic prop-
erties were investigated. For the latter goal, the response surface
methodology was  applied.
2. Materials and methods2.1. Materials
The phosphate sludge (PS) was from the beneﬁciation plants
of the phosphate rocks of Gantour (Youssouﬁa, Morocco). The
tion and hosting by Elsevier B.V. All rights reserved.
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Table  1
Chemical and mineralogical compositions (in wt.%) of the phosphate sludge (PS) and the raw clay (SC).
Chemical composition
SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O P2O5 aLoI
PS 22.8 2.5 0.9 4.1 34.2 0.8 0.4 14.0 19
SC  44.7 8.8 0.9 9.1 10.1 bTr 0.3 0.4 25
Mineralogical composition
F Q D C M
PS 44 17 7 15 12
SC  – 22 50 – 28
F: ﬂuorapatite; Q: quartz; D: dolomite; C: calcite; M:  montmorillonite.
a Loss on ignition.
b Traces.
Table 2
Experimental design matrix (Doehlert matrix) and the measured values of the studied properties (Y1: ﬁring shrinkage (%); Y2: water absorption (%); Y3: compressive strength
(MPa)).
Run X1 X2 X3  (wt.%) T (◦C) t (h) Y1 Y2 Y3
1 1 0 0 30.00 1050.00 2.00 4.57 21.40 10.52
2  −1 0 0 5.00 1050.00 2.00 3.90 18.29 6.97
3  0.5 0.866 0 23.75 1179.90 2.00 6.55 5.11 19.52
4  −1 −0.866 0 11.25 920.10 2.00 1.28 22.73 2.23
5  0.5 −0.866 0 23.75 920.10 2.00 1.88 24.48 3.17
6  −1 0.866 0 11.25 1179.90 2.00 6.08 8.11 17.91
7  0.5 0.2887 0.8165 23.75 1093.31 3.63 5.08 16.10 12.57
8  −1 −0.289 −0.817 11.25 1006.70 0.37 3.23 19.12 7.92
9  0.5 −0.289 −0.817 23.75 1006.70 0.37 3.72 19.92 8.72
10  0 0.5774 −0.817 17.50 1136.61 0.37 5.48 9.87 16.49
11  −1 0.2887 0.8165 11.25 1093.31 3.63 4.96 14.18 13.98
12  0 −0.577 0.8165 17.50 963.39 3.63 2.13 21.07 4.26
13  0 0 0 17.50 1050.00 2.00 4.09 20.60 8.56
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lumina- and silica-bearing material was a swelling raw clay (SC)
rom the phosphate basin area. The chemical and mineralogical
ompositions of both materials are given in Table 1. In this respect,
t may  be noted that the amounts of the identiﬁed minerals were
stimated by the Rietveld method, and the chemical compositions
ere determined with inductively coupled plasma atomic emis-
ion spectroscopy (ICP-AES), using a Perkin Elmer Optima 3100
L apparatus. Some physical characteristics of PS and SC are given
lsewhere [1].
.2. Experimental procedures
Blends of the phosphate sludge and the clay (up to 30 wt.%) were
amped (water/solid = 40%) and kneaded for 30 min. Pellets (<2 cm
iameter) were shaped from the paste and dried at ambient tem-
erature, then at 105 ◦C. The samples were heated at 900–1100 ◦C
or up to 4 h.
The impedance spectroscopy measurements were carried out
t 650–1100 ◦C using a Solartron SI 1260 impedance analyzer. The
oltage used was 2000 mV  and the frequency varied from 0.1 to
06 Hz.
Phase identiﬁcation was performed by means of X-ray diffrac-
ion (XRD) and scanning electron microscope (SEM). The XRD
atterns were recorded with a Philips X’Pert MPD  diffractometer
quipped with a copper anode (K = 1.5418 A˚). The SEM examina-
ions were carried out with a JEOL JMS  5500 apparatus equipped
ith an EDAX Falcon spectrophotometer. For this purpose, the sam-
les were coated with a thin layer of gold.
Shrinkage was measured by following the sample dimensions
efore and after heating. For water absorption measurement, the
eights of the heated sample were determined before and after050.00 2.00 4.17 20.39 8.52
050.00 2.00 4.14 20.52 8.21
050.00 2.00 4.15 20.45 8.36
immersion in boiled water for 2 h. The compressive strength of the
heated samples was measured with an Instron 3369 apparatus. The
load and loading speed were 50 kN and 0.1 mm/min, respectively.
2.3. Experiments design
The effects of the clay content (), sintering temperature (T)
and soaking time (t) on a physical property (Y) of the sample were
evaluated by using the following equation [12,13]:
Y = a0 + a1X1 + a2X2 + a3X3 + a11X21 + a22X22
+ a33X23 + a12X1X2 + a13X1X3 + a23X2X3
X1, X2 and X3 are the coded variables related to the real factors
(, T and t) as follows:
X1 =
( − 0)

; X2 =
(T − T0)
T
; X3 =
(t − t0)
t
0, T0 and t0 are the clay content, sintering temperature and soak-
ing time at the centers of the experimental domains (0 = 17.5 wt.%,
T0 = 1050 ◦C and t0 = 2 h). , T  and t  are the variation steps of
the natural variables (  = 12.5 wt.%, T  = 150 ◦C and t  = 2 h).a0 is
a constant, and a1, a2 and a3 are the weights of the effects of , T and
t, respectively. aii is considered as a curve shape parameter, and aij
represents the weight of the effect of interactions between i and j
factors. The coefﬁcients were determined by least-squares regres-
sion using the software: New Efﬁcient Methodology for Research
using Optimal Design (Nemrod) [14]. For this goal, 16 experiments,
planned according to the Doehlert matrix design, were realized.
The planned experiments and the experimental values of the cor-
responding properties are given in Table 2.
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Fig. 1. Nyquist plots related to the pellets of phosphate sludge and phosphate sludge-clay (30 wt.%). (a and b) Ordinary plot; (a′ and b′) Magniﬁed plot.
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The validity of the above model was veriﬁed by, among others,
he analysis of variance (ANOVA) [15].
. Results and discussion
.1. Impedance measurements and dilatometry analysis
The Nyquist plots of the heated blends displayed a single hemi-
ircle, such as seen in Fig. 1. The diameter of the hemicircles
ecreased with increasing temperature. Seeing that the diameter
an be taken as the bulk resistance [16], the electrical resistance
f the samples diminished as temperature increased. In fact, the
ncrease of temperature has a marked effect on the reduction ofte sludge and the phosphate sludge-clay (30 wt.%) blend.
blocking defects of the microstructure such as pores and grains
boundaries [17].
The impedance spectrum of ceramic material is regularly com-
posed of two  adjacent arcs: one is linked to the grains and the other
to the grain boundaries [18]. The occurrence of a single semicir-
cle (Fig. 1) lets to think that the signal corresponded to the effect
of the bulk [16,19,20]. The unresolved effects of grains and grain
boundaries could be linked to the presence of fast conduction paths
along the surface of grains. Such a phenomenon prevails in the case
where the microstructure consists of grains with large surface area
together with the presence of less retained ions [16].
The plot of ln  = f(1/T) ( is the conductivity of the samples;
 = 0 exp(−Ea/kT), 0 is a pre-exponential term, k is a constant of
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Fig. 3. Loss tangent obtained from impedance measurement for the phosphate sludge and the phosphate sludge-clay (30 wt.%) as a function of the sintering temperature.
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oltzmann and Ea is the energy of activation) displayed three distin-
uished branches (Fig. 2). Thus, the sintering process involved three
ifferent phenomena, depending on the range of temperature.
he energies of activation in the discriminated ranges 650–750 ◦C,
50–1000 ◦C and T > 1000 ◦C are reported in Fig. 2. It is worth noting
hat Ea was relatively low in the intermediate interval of temper-
ture, which is considered as the main domain of sintering. The
hange of the microstructure beyond about 800 ◦C was  accompa-
ied with a marked increase in the dielectric loss (Fig. 3). This could
e due to the presence of melt, which played a chief role in the
intering process [21,22]. In fact, the melt formation was expected
ince the samples comprised ﬂuxing oxides (Table 1).
The main stage of the sintering process was accompanied by an
brupt shrinkage (Fig. 4). In this respect, it may  be noted that sam-
les were the subject of expansion between 200 and 600 ◦C, and clay and the phosphate sludge-clay (30 wt.%) blend.
T > 1000 ◦C. Because of its insigniﬁcant intensity and less energetic
aspect, the former expansion was  mainly due to the dehydrox-
ylation of the clay mineral (montmorillonite) and the escape of
structural water [23]. The second expansion could be related to
the neoformation process, which is investigated hereafter. As far as
the dilatometric analysis was  concerned, the shrinkage observed at
T < 250 ◦C was essentially attributed to dehydration and the loss of
the interlayer water of the swelling clay mineral [23].
3.2. Microstructural investigationTaking into consideration the mineralogical compositions of the
basic materials (Table 1) and the results of the X-ray diffraction
analysis of the heated blends (Fig. 5), montmorillonite and car-
bonates decomposed at T < 900 ◦C, whereas quartz and ﬂuorapatite
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Fig. 5. X-ray diffraction patterns. (A) Phosphate sludge samples heated at (a) 900 ◦C, (b)
900 ◦C, (b) 1000 ◦C and (c) 1100 ◦C. F: ﬂuorapatite (PDF # 71-0880); G: gehlenite (PDF # 7
F
r
p
s
o
G
pig. 6. Evolution of relative X-ray intensities of the main reﬂexions of quartz, ﬂuo-
apatite and gehlenite versus heating temperature.
ersisted. In addition, gehlenite formed at low temperature. As
hown in Fig. 6, the content of gehlenite increased with the increase
f temperature, while those of quartz and ﬂuorapatite diminished.
ehlenite (ideal chemical formula: Ca2Al2SiO7) formed from the
roducts of carbonates and clay mineral [24,25], and developed at 1000 ◦C and (c) 1100 ◦C. (B) Blend of phosphate sludge-clay (30 wt.%) ﬁred at (a)
7-1146); Q: quartz (PDF # 5-0490).
the expense of quartz and ﬂuorapatite. SEM examinations revealed,
in addition to the above-mentioned phases (Fig. 7a and b), the pres-
ence of a vitreous phase (Fig. 7c) and magnesia, which derived from
decomposed dolomite.
In conformity with the above comment, the observed melt
(vitreous phase) played a key role in the sintering process, and
improved markedly the electrical conductivity in the range of
750–1000 ◦C. The abundance of gehlenite at T > 1000 ◦C was respon-
sible for the above increase of the energy of activation. The
development of the calc-aluminosilicate phase was accompanied
by a reduction of the melt [26]. In such condition, sintering would
mainly proceed by solid-state diffusion. The relative high value of
Ea determined at 600 < T < 750 ◦C was chieﬂy due to the presence of
the amorphous products of the clay mineral.
3.3. Effects of the experimental factors on physical properties of
the heated blends
The ANOVA results showed that the Fisher variance ratio (F-
ratio) 1 and the signiﬁcation exceeded 99.9% (Table 3). Moreover,
the values of the correlation coefﬁcient (R2) approached unity, and
those of the standard deviation were low (Table 3). These data
pointed out that the adopted polynomial model described well the
variation of the ceramic physical properties against the experimen-
tal parameters.
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Fig. 7. SEM micrographs showing particles of gehlenite (G), quartz (Q), ﬂuorapatite (F) and vitreous phase (A).
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Yig. 8. Variation of the compressive strength (a and a′), water absorption (b and b
emperature and clay content. (a, b and c) Tri-dimensional representation; (a′ , b′ an
Hereafter are reported the obtained equations for shrinkage
Y1), water absorption (Y2) and compressive strength (Y3):
1 = 1.81 − 0.061X1 + 0.105X2 + 0.088X3 + 0.14X21 − 0.023X22
− 0.157X23 + 0.144X1X2 − 0.186X1X3 + 0.451X2X32 = 8.11 + 1.652X1 − 5.963X2 + 0.257X3 + 0.415X21 − 0.802X22
+ 2.417X23 + 0.006X1X2 − 0.131X1X3 + 0.782X2X3 ﬁring shrinkage (c and c′) of the blends of phosphate sludge-clay as a function of
i-dimensional representation.
Y3 = 19.232 − 3.652X1 + 5.284X2 − 0.7X3 + 2.522X21 − 0.089X22
− 2.699X23 − 5.427X1X2 + 2.066X1X3 − 2.38X2X3
The analysis of these equations showed that temperature was  the
most inﬂuencing factor, and its increase affected positively all prop-
erties. Indeed, the increase of T favored the formation of melt and
activated the diffusion process; thereby the consolidation of the
matrix was  improved. The second important affecting factor for
water absorption and mechanical strength was the clay content.
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Table  3
Analysis of variance (ANOVA) and values of the ﬁtting coefﬁcient (R2) and the standard deviation () related to the adopted models.
ANOVA
Source of variation Sum of squares Degrees of freedom Mean square F-ratio Signiﬁcance
Y1 Regression 0.3191 9 0.0355 386.7572 0.0224***
Residues 0.0337 6 0.0056
Total 0.3528 15
Y2 Regression 31.4145 9 3.4905 3013.3849 <0.01***
Residues 0.0435 6 0.0073
Total 31.4580 15
Y3 Regression 457.5526 9 50.8392 6199.8996 <0.01***
Residues 3.9068 6 0.6511
Total 461.4594 15
Y4 Regression 379.7036 9 42.1893 1642.1390 <0.01***
Residues 3.3305 6 0.5551
Total 383.0341 15
Y1 Y2 Y3 Y4
R2 0.90 0.99 0.99 0.99
  0.10 0.034 0.091 0.16
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[*** Statistically signiﬁcant at the level 99.9% (p-value <0.001).
y contrast with the effect of the increase of T, clay additions had
n adverse impact.
As a calc-aluminosilicate mineral, gehlenite formed from
ecomposed clay mineral and dolomite; thereby its amount
ncreased with clay additions. In such condition, porosity
ncreased and the melt content diminished, and subse-
uently water absorption increased and compressive strength
egressed.
The weight of the effect of the soaking time on the change of
he above properties was less signiﬁcant. Based on the algebraic
alues of the linear coefﬁcient a3, the increase of the soaking time
hould contribute to the increase of water absorption and to the
ecrease of strength and shrinkage. These facts may  have a relation
ith the positive effect of the soaking time on the development of
ehlenite.
The effects of the interactions between the factors on the prop-
rties studied were evaluated based on the algebraic values of aij
12,13]. In this respect, it may  be noted that the simultaneous
ncrease of the clay quantity and temperature had substantial nega-
ive effect on the compressive strength, presumably because of the
bundance of gehlenite. The antagonistic effects of these factors
n the mechanical resistance are well visualized by the response
urface of Fig. 8a. For water absorption and shrinkage,  and T
anifested synergistic effects, i.e., the simultaneous increase of the
actors contributed to the increase of water absorption and shrink-
ge. The latter effects can be deduced from the plots of Fig. 8b
nd c.
. Conclusion
The results of the impedance spectroscopy and the dilatome-
ry analysis showed that the main stage of the sintering process
f the clay-sludge blends started beyond 750 ◦C and extended
p to about 1000 ◦C. During this phase, the ionic conductivity
as easier and the energy of activation for ionic conduction was
educed by a factor of three. The microstructure examinations indi-
ated that the sintering process occurred mainly by melt ﬂow, and
ehlenite formed at low temperature (T < 900 ◦C) from the decom-
osition products of the clay and carbonates. The increase of the
intering temperature resulted in the reduction of the amounts
f quartz and ﬂuorapatite because of their involvement in the
[
[neoformation process of gehlenite. The development of gehlenite,
which happened at high temperature, limited the formation of the
melt.
The ceramic physical properties were well correlated to the ﬁr-
ing cycle parameters and clay additions using polynomial models.
In this connection, it may  be concluded that the increase of tem-
perature had a positive and strong effect of strength and water
absorption, because of its favorable inﬂuence on the melt forma-
tion. Clay additions had an adverse effect, since it favored the
formation of gehlenite. The change of the soaking time had a minor
impact. Regarding the effects of the mutual interactions between
the factors, it may  be concluded that the weight of the effect of the
simultaneous increase of a couple of factors on the studied proper-
ties could not be neglected, especially in the case of the mechanical
strength.
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